Abstract: p53 is a tetrameric protein with a thermodynamically unstable deoxyribonucleic acid (DNA)-binding domain flanked by intrinsically disordered regulatory domains that control its activity. The unstable and disordered segments of p53 allow high flexibility as it interacts with binding partners and permits a rapid on/off switch to control its function. The p53 tetramer can exist in multiple conformational states, any of which can be stabilized by a particular modification. Here, we apply the allostery model to p53 to ask whether evidence can be found that the "activating" C-terminal phosphorylation of p53 stabilizes a specific conformation of the protein in the absence of DNA. We take advantage of monoclonal antibodies for p53 that measure indirectly the following conformations: unfolded, folded, and tetrameric. A double antibody capture enzyme linkedimmunosorbent assay was used to observe evidence of conformational changes of human p53 upon phosphorylation by casein kinase 2 in vitro. It was demonstrated that oligomerization and stabilization of p53 wild-type conformation results in differential exposure of conformational epitopes PAb1620, PAb240, and DO12 that indicates a reduction in the "unfolded" conformation and increases in the folded conformation coincide with increases in its oligomerization state. These data highlight that the oligomeric conformation of p53 can be stabilized by an activating enzyme and further highlight the utility of the allostery model when applied to understanding the regulation of unstable and intrinsically disordered proteins.
Introduction
Human p53 is a 393-amino acid tetrameric tumor suppressor protein involved in the transcriptional regulation of several genes involved in the cell cycle and differentiation. The protein is activated by a variety of stress signals such as deoxyribonucleic acid (DNA) damage, hypoxia/anoxia, microtubule inhibitors, telomere erosion, metabolic changes, heat shock, pH changes, and oncogenic activation. In response, p53 triggers differentiation, DNA repair, senescence, cell cycle arrest at low levels of p53 and/ or apoptosis at high levels of p53 to prevent cells from undergoing tumorigenic alterations. 1 The p53
protein can be divided into four functional regions: (i) an acidic N-terminal domain (aa 1-101) that contains a transactivation domain (aa 1-42) responsible for transactivation and MDM2 oncoprotein interaction; 2 (ii) a central core domain (aa 102-290) that is involved in sequence-specific DNA binding; 3, 4 (iii) a C-terminal domain that contains a tetramerization domain (aa 320-356); 5 (iv) and a highly basic C-terminal regulatory domain (aa 363-393). 6 Solving the intra-and interdomain interactions between these isolated regions on p53 has paralleled new developments in the protein science field over the past ten to 15 years on the structure-function paradigm. These include concepts such as (i) a large proportion of amino acid sequences in higher eukaryotes are intrinsically disordered, 7 (ii) a large number of protein-protein interactions occur through small peptide linear motifs that can be embedded within structural domains or in disordered domains; 8 (iii) a large number of regulatory proteins are thermodynamically unstable, evolving presumably to allow a rapid on/off switch in signal transduction; 9 and (iv) a new model of allostery that incorporates disorder and instability-the ensemble model. 10 P53 protein has been a model for such concepts including (i) the N-and C-termini of p53, containing most binding interactions as well as phosphorylation, acetylation, and ubiquitin-like covalent modifications, are within intrinsically disordered linear motifs; 11 (ii) the precise protein-protein interactions occur through relatively small and specific amino acid stretches whereby even the same C-terminal peptide motifs can exist in different conformationsextended conformation, an alpha-helix, or mixed beta-sheet, depending upon the binding partner;
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(iii) the p53 DNA-binding domain is thermodynamically unstable; 13 and (iv) hundreds of different conformations of p53 are required in theory to adopt the hundreds of sequence-specific protein-protein interactions on the multivalent p53 scaffold. 7 The nature of allostery in p53 is controversial and is based on differing methods used to access its conformational dynamics. Originally, an allosteric model in p53 DNA-binding conformations was noted based on the stoichiometry of an "activating" fulllength monoclonal antibody that binds to the C-terminal regulatory domain, compared to the stoichiometry of its FAB fragment, indicating that negative cooperativity exists in the tetramer and that allosteric changes presumably propagate its activation as a tetramer.
14 This was supported by data using ultracentrifugation sizing methods showing that the tetramerization domain fragment of p53 is stabilized by C-terminal phosphorylation at Ser392 15 and that a recombinant p53 protein with an S392E mutation is more thermostable than the wild-type protein and is in a more folded conformation as defined using conformational-specific monoclonal antibodies. 16 The importance of Ser392 for proper p53 function was also demonstrated in mouse models bearing mutation in the homologous phosphosite at Ser389. Mice carrying the p53 S389A mutation showed increased sensitivity to ultraviolet (UV)-induced skin tumor development, signifying the importance of serine 389 phosphorylation for the tumor-suppressive function of p53. 17, 18 In another allosteric model, 19 p53 is structurally flexible and can reversibly adopt a latent conformation or an active conformation that binds DNA in a sequence-specific manner. Additionally, in the latent conformation, p53 binds DNA nonsequence-specifically and independently of the sequence-specific DNA binding central domain. Together, these data suggest that C-terminal modifications shift the conformation of p53 into a high affinity DNA-binding state. However, structural biology has failed to detect "two" stable conformations of p53 (low affinity and high affinity 20 ), thus, the actual nature of the low affinity and the high affinity DNA-binding conformations of p53 are not defined. Indeed, other regulatory models exist in which p53 is not structurally flexible, the C-terminus regulates nonspecific DNA binding or sliding on DNA fragments and acetylation stimulates DNA binding through stabilizing protein-protein interactions. 21 However, the sequence-specific DNA-dependence in acetylation of the p53 tetramer 22, 23 provides additional evidence that acetylation can also occur through a coupling of its conformational or allosteric dynamics. Thus, the ensemble model of allostery can be applied, in part, to solve what classic structural biology has not been able to divulge concerning the conformational basis of the low and high affinity DNA-binding conformations of the unstable p53 tetramer, whereby kinetic and biophysical approaches will be required to understand the basis for the intrinsically unstable conformations that p53 can exist in. Multisite phosphorylation by different cellular kinases on C-terminal serine residues is the predominant mechanism for activating p53 sequence-specific DNA binding. 14 Mutation of the CK2 p53 phosphorylation site to alanine in mouse transgenes can stimulate carcinogeninduced cancer development, suggesting that CK2-mediated phosphorylation stimulates the tumor suppressor function of p53. 17, 18, 27 CK2 is a serine/threonine protein kinase with a 2 b 2 tetrameric structure and is conserved in all eukaryotes. CK2 interacts with the C-termini of transcription factors such as c-myc, NF-jB, and p53 and has a global role in transcription-related chromatin remodeling and modification. Ser 392 p53 phosphorylation by CK2 has been shown to: (i) cause accumulation of p53, 15 (ii)
enhance the p53-DNA interaction, 6 (iii) induce transcriptional activity of p53 28 and (iv) induce tetramer formation in p53 and intrinsic DNA binding affinity by removing the inhibitory effect of C-terminal p53 sequences. 29 Biophysical studies on phosphopeptides have previously shown that Ser 392 phosphorylation increases the association constant for reversible tetramer formation by nearly 10-fold, in comparison to a small effect produced by Ser 315 and Ser 378 phosphorylation. 15 In this study, we have set up assays to determine whether full length p53 oligomerizational states can be altered by phosphorylation. This would provide additional insights into the allosteric control of p53 and also provide new in vitro assays in which to develop small molecules that can stabilize p53 oligomerization. In Figure 2 (A), we describe a method to detect oligomers (presumably tetramers), using DO-1 to capture p53 and DO-1-horseradish peroxidase (HRP) to detect the captured protein. In theory, any monomeric p53 captured by DO-1 will have its Nterminal domain blocked. If p53 exists as a higher oligomer, exposed N-terminal domains of the higher oligomer can be detected by DO-1-HRP. As a control, we used a nonspecific mouse monoclonal antibody as capture, and we obtained no signal, indicating the assay's specificity for detecting p53. We show that phosphorylated p53 can form oligomers in the presence of CK2 and ATP [ Fig. 2(B,C) ].
CK2 phosphorylation enhances the stability of p53 oligomer CK2 phosphorylation stabilizes p53 protein structure from mutant to wild-type conformation resulting in increased reactivity with monoclonal antibody PAb1620 (Fig. 3 ) and reduced reactivity with monoclonal antibodies PAb240 and DO12 [ Fig. 4(A,B) ]. In addition, we added a control where p53 protein was denatured in the presence of an ionic detergent, sodium dodecyl sulfate (SDS). The absorbance at 450 nm gives the total amount of p53 in each sample and shows that only 9.1 to 12.7% of p53 exists in the mutant conformation originally [ Fig. 4(C) ]. Our evidence demonstrates that PAb1620 binding correlates with the phosphorylated form of p53. This indicates that conformation changes of the C-terminal domain can have a profound effect on tetramer stability and these data can be explained by the ensemble model of allostery.
CK2 associates with p53 to form a stable complex
We observed that increasing concentrations of CK2 (5 to 500 units) give rise to increasing levels of phosphorylation [ Fig. 5(A) ]. Since we did not observe the same increase in phosphorylation in ELISA [ Fig.  5(B) ], we propose that binding of phospho-specific antibody is blocked in the presence of higher amounts of CK2 in ELISA, possibly due to the formation of p53-CK2 complexes in the native state that are abolished following SDS-polyacrylamide gel electrophoresis (PAGE) and Western blotting. The level of p53 oligomerization [ Fig. 6(A) ] is also dependent on the concentration of CK2 added. Correspondingly, if the monoclonal antibody to the CK2 regulatory b subunit was used to detect potential p53-CK2 complexes captured by DO-1, we obtained a similar profile [ Fig. 6(B) ]. Overall, these data suggest that CK2-p53 complexes have been formed. This is not without precedent; it has been shown that CK2 ß subunits bind stably to the kinase docking region (aa 325-344) on p53. 30 Also, mammalian CK2-p53 complexes are formed in response to UV-induced DNA damage. These complexes contain CK2, p53 and the chromatin transcriptional elongation factor FACT (hSpt16 and SSRP1 heterodimer). In vitro and in vivo studies show that FACT alters CK2 conformation and binding specificity to phosphorylate p53 preferentially over other substrates.
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CK2 binds stably to p53 and blocks the Bp53-10 epitope on p53 only when ATP is present
The CK2 ß subunit docking region (aa 325-344) is situated close to the Bp53-10 binding site (aa 371-380). The Bp53-10 epitope is masked when CK2 is present at high concentrations [ Fig. 7 (A)] in comparison to low concentrations [ Fig. 7(B) ]. It is unusual that CK2 requires the presence of ATP to form higher order structures. This is shown in Figure  7 (B), where the Bp53-10 epitope cannot be masked in p53 1 CK2 samples in the absence of ATP. It can be postulated that every time a p53 monomer is phosphorylated, the conformation of its C-terminus is altered, allowing CK2 to bind cooperatively in an ATP-dependent manner as the p53 monomer oligomerizes. Interestingly, Bp53-10 has the same effect as CK2 phosphorylation of the C-terminal region of p53. 31 The binding of CK2 may block the Bp53-10
antibody from accessing a newly formed cryptic region. The new cryptic region (aa 371-380) contains phosphorylation, ubiquitination, neddylation and acetylation sites. 32 Modification events at these sites may lead to an increased degradation of p53, and may be a reason why phosphorylated p53 protein exhibits increased stability (Fig. 3) .
Discussion
In this paper, we test whether C-terminal phosphorylation of p53 changes the oligomeric conformation of full-length p53 using an indirect assay that measures p53 oligomerization. We have used a quantitative and reproducible in vitro two-site ELISA technique on purified human p53 protein from bacteria. We studied the oligomerization of p53 during activation by CK2 phosphorylation at Ser 392 in the presence of an ATP phosphate donor. We showed that oligomerization gives increased levels of the epitope of PAb1620 and masks the cryptic epitopes of PAb240 and DO12, signifying an increase in native conformation and reduction in mutant conformation. Also, we found evidence that stable physical complexes of CK2 and p53 are formed only in the presence of ATP, and these complexes mask the Bp53-10 monoclonal antibody epitope on the p53 protein. All this was done without the addition of DNA, as the p53 protein forms tetramers and complex oligomers in the absence and presence of DNA. 33 Our data show that in the absence of DNA, the p53 oligomeric conformation is altered by phosphorylation, suggesting that the dynamics of the flexible and unstable tetramer can be altered kinetically. This view of p53 regulation that cannot necessarily be solved using classic structural biology can be approached by applying the ensemble model of allostery. The change in p53 oligomerization provides biochemical evidence to explain mechanisms responsible for why murine transgenes with alanine-mutations at the Ser392 equivalent on mouse p53 have enhanced cancer development after carcinogen exposure and reduced transactivation potential after DNA damage. 27 In addition, a recent transgenic mouse model has demonstrated an embryonic lethality from deleting the C-terminal regulatory domain of p53, indicating a highly penetrant negative regulatory function for this motif of p53 during mouse development. 34 As many regulatory domains on eukaryotic proteins are themselves unstable thermodynamically and also destabilize adjacent structural domains, the ensemble view of allostery will shed light on allosteric regulation of other regulatory eukaryotic proteins.
Materials and Methods
Expression of p53 protein in bacteria and purification of p53 protein Lysates from E. coli were centrifuged at 15,000 g for 30 min and the supernatant was diluted fivefold in low salt purification buffer (15% [v/v] glycerol, 15 mM HEPES/KOH, pH 8.0, 0.04% Triton X-100, 5 mM dithiothreitol, 2 mM benzamidine, and 1 mM b-glycerophosphate), filtered and loaded on to a 5 mL heparin-sepharose column (GE Healthcare). The p53 protein was eluted by a 0-1 M KCl gradient, and the peak fractions that eluted at approximately 0.5-0.6 M KCl were pooled, dialyzed against low-salt purification buffer for 12 h at 48C and loaded on to an anion exchange HQ column (GE Healthcare).
In vitro phosphorylation of p53 protein
Purified human p53 protein was phosphorylated in vitro by CK2 (New England Biolabs). The kinase reaction buffer (New England Biolabs) contained 
Western-blot analysis and antibodies
The protein was analyzed using SDS gradient-PAGE according to standard protocol. Monoclonal antibodies were purified from either cell culture supernatants or ascites using Protein A columns. 35 The antibodies used in this assay were as follows: DO-1, Bp53-10, and FP3 were coupled to HRP through amine linkages (Pierce EZ-Link Activated Peroxidase and Kit). Monoclonal antibodies conjugated to HRP were used for detection of captured p53 protein in ELISA experiments.
Blue native PAGE p53 oligomers were analyzed using blue native PAGE as described by Wittig et al. 43 The sample loading buffer composed of glycerol (40%), Coomassie Brilliant Blue G250 (0.4%) and cathode buffer was added to the samples in a one-to-one ratio and then the samples were loaded on a native gel consisting of a 3.5% stacking and a 7% separating polyacrylamide gel. In contrast to the original protocol, the cathode buffer was prepared without adding Coomassie Brilliant Blue G250 to ensure compatibility with western blotting.
Enzyme linked-immunosorbent assay
Investigation of p53 conformation was carried out using two-site ELISA. Each well on a 96-well plate was incubated with 50 mL of 15 mg/mL monoclonal antibodies in carbonate buffer (0.1 M CO 3 , HCO 3 pH 9-9.8) at 48C overnight. The wells were blocked with 3% bovine serum albumin (BSA A7030, Sigma) in phosphate-buffered saline (PBS) at room temperature for 2 h. The protein was phosphorylated in vitro and titrated in NP40 buffer (150 mM NaCl, 50 mM Tris pH 8.0, 1% NP40) with additional protease and phosphate inhibitors (Sigma). Each sample of 50 mL was plated into wells and incubated at 48C for 3 h. The plates were washed three times in 0.1% Tween 20 in PBS before addition of the required monoclonal HRP-conjugated antibody diluted in 1% BSA.
Plates were incubated at room temperature for 2 h. Analysis of bound peroxidase was performed by colorimetric detection with a tetramethylbenzidine peroxidase EIA substrate kit (Bio-Rad) and absorbance was measured with an automatic ELISA plate reader at 450 nm. 44 
